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1 iquid Centrifugation for Nuclear Waste Partitioning 3/tl/%L I

Charles D. Bowman
2/25/92

Abstract

The performance of liquid centriflqation fOr nuctear Wasto partitioning IS
exammed for the Accelerator Transmufat~cn Of Waste Program currently under
sw a! he Los Alamos National La~ratofy. Centrifugation might have
apphcation for the separation of the QF-BQF2 carrier salt from heavier
radioactive materials fkiOn pKXhJd aw actinides, in the separation of fission

!
product from acfinides, in the isotope se aration of fission-product cesium
before transmutation of the ‘37CS and ‘ %s, and in the removal of spallation
pmdmfrom the fiquid lead ta~et. ft k found that useful chemical separations
~houkf be possibb using existing materials for the centrifuge construction for all
four cases with the actinide fraCtiOnin fiSSiOnProdti perhaps as bw as 1 parl
in 107 and the fraction o’ ‘37~s in in ‘33CS bei~ as low as a few parts in I@.
A centrifuge cascade has the advantage that it can be assembbd and operated
as a completely cfosw system with~ a waste stream except that associated
with maintenance or replacement of centrifuge components.
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1, Introduction

Tho Los Alamos National LaboraloV is examming posslbMles for the
transmutation o; Iong”lived radioa~ive wastes to short-lived or stable forms by
neutron-induced transmutation using neutrons produced by a powerful
accelerator’, ‘ThisAaelerat?r Transmutation of Waste program (AW) is a
system consisting of W majo$ ~mmnents; the input chemistry, the
mcelerator, the l~u,id bad target for th~ proton beam which produces neutrons,
a surrounding b~anketwhere th@translwta!lon takes place and where fissIo~
vncr~j IS gonera\A, and the output chemistry Two commercial applications of



1h6 mchnology GGun~or study including lhe transmutation of waste from
commercd nuc:oar power plant% and the generafmn of fission energy Wh
cmcurrent transmutation of the radioactiw wastes. In bolh cases the bng”term
r~dlcmctlvdy of the remnant waste would be essentially eliminated. These
systems must compete in the mafielplace with other sources of electric power
Whtle the accolerato~, target., and blanket offer VerY interesting design
:halltmges, no technical barriers to the implementation of this technology have
been encountered in the $tu~ of those sYStems to date. However the input and
output chemlstfy do ofl,er Wnlficant lechn~~al challeWes in terms of the choice
of chemlst~, the effe~lveness Of the chemlstfy to provide separations to high
purity, the avoidance of waste streamS, and Cost @repetitiveness. The
economic mmpetitiveness c! the sYs~ems maY depend to a large degree on the
chemistry applied.

The interplay between the chemistry and the other components o! fhe
system is vefy strong. ~ ~sfernPting to selwt a well devebped and wel!
understood chemistv which WIII then di~ate the *ZO of the accelerator and
important features of tho target and t .nket. For example, in systems where the
residence time of the waste in the transmute is short, the waste and fuel
probably must be in tho form Of liquids. The sebctic n of aqueous chemistry wilt
almost certainty require ~ntinuous transwfl of the waste and nucleat fuel in
lhe transmutation system (n an aqueous medum. ne containment of the water
at high temperatures ~uses an incompatibiW be~een otkient heat removal
wdh effective conversion to elmric power and hw parasitic neutron capture,
which is required for optimal n~utron economy and Iho smailest POSSMS
accelerator.

Arguments -n be made based on the neutron economy cmsiderations
of Rot. 1 that an squeous blanket will exMM doubtful wonomic
competitiveness #hen it addresses both the problem of bum-up of tho 7.5% of
the fission Pfoducfs which are Iollg-lived and th~ transmlltation of all of the
plulomum and higher actinlde waste. Thm conclusion darives from the physics
pnnclples of neutron pmdu~lon by spallatlon, neutron liberation in fission, the
slcw~ng“down and diffusion of n6utrOnS, transmatm nuclear data, heat
transfer, and the nuclear and pef’formaflce propefliet$ of stwctwal materials.
Rather than allo~ng aqueous radlochemlst~ tO impose neutronic performance
tim~tations on tho target-blanket system, II is of interest to design the target=
blanket for optimal pedormance and ther to se~ what demands this optimat
neutromc performance till place on the chemistry.

The L05 Alamos studies directed along the lines of optim:l neutromc
performance are focusing onto a graph~:e-deratecf helium”gas.cooled
system with the adinide and fission Pr@~ Feing carried as fJuondes in I-IF.
9eF2 moften s#. ne oPtimal paff~r~flanco (J fhi8 Wem requires that tho
fisson product be continuously femowd from the catier Wt The chemistry
demands are sevsfe rWIring ~lther pyf~hemlstfy with some undevebped
and perhaps dNf@H steps Invdvw Or the ,transfor~nation 10aqueous chemistry
and back again wnlinuous~ to allOw COntlnuous reprocessing. For th~sreason
the present work M based on Physical che~lsW methods which do not re~ on



!he ctmmlcal propodies of the elements but simply on the targe ddference in
mass and donsty of !he Ur(lur salt, Itw fission produds, and the actir!ides. The
mokjcular masses of these three clas~es of these fluorinated materials are
approximately 38, 157, and 350 Suggesllng effective separation by
contrlfugation.

While most of the ~o~g-lived fission products can be dealt with effectively
VIa transmutation, the nucltdes 13S.CSand ‘ayCS require isotopic separation
before transmutation -n be Qffec~lvelYaPPli@. This can M acmmplished
Implicitly for the energy tJWerafinfl system with concurrent wasta
transmutation’. However, for, commercial waste transmutation this option is aat
avwlabk and isotope *Paraflon for CS aPPears necessafy; it might not be
essential for Sr since the. neutron Penaky is much tess severe for Sr than for (h
A second objective for this study therefore is to evaluate the prospects of
con!nfugation for CS isotope separation.

A third objective iS to evaluate the remval of spallation prodt$ct from the
!Iquld lead target by c@ntrifu9afion in order to avoid chemistry processes. The
spallation products can pe dlvlded rather conveniently into groups with
densities either substafitlally IOwer or higher than the lead density. This densrty
grouping is the basis for centrifugal cleansing of the lead target

II. Oerlvatlon of the Separation Eq~atlon

All pretious cen~rifugafion Wivity in nuclear technology has baen
applied to uranium ennchmenf afid to the enhancement of reaction rates by
Centnfugal contactors.~-s The separation of materials based on their differew
m density is a very well developed techn~quo for the case of bio-mediil
researchs. One well devetoped method called the sedimentaticm+quitibrium
method relies on the establishment of a density gradient in an aqueous satt
solution by centnfugation. If the solution also contains one or more proteins at
IOWmolar fraction, a protein will dfifi under tho centrifu~al fietd to a position iri
the soluvon where its density IS matched by the sokticn. This approach and
vanatlons of d are common pra~lce in mdefn bloiog:cal faboratofie$. Most
such unlvmity laboratories have at least one centrifuge capable of creating
forces 105 times that of gravity; .M$e centrifuges tin be acquired at the cost of
perhaps $20,0(0 The physical basis for these cwrtnfuges therefore is well
established, and thef~ IS no question that the basic concept is sound. However
the review texts on centnfugation do not mlud~ the case of interest here, l%.
fundamental equatmns are presented in lh8tT) however so that a Stafting point is
avahble. The problem is to find the appropriate slmpllficatlons to allow useful
anat@cat sotutions to be developed which Illustrate the phys~cs principles
Ir,votved The imposdion of appropriate boundary conditions and the estimates
Of sgdimen!atton vebcities also aro necessary, We derive the fundamental
equatiw below.

A number of aWmP~’ons are made m the derivation which ans
commented on briefly. The derlvtmn ISdone for a binary system. While the
edunslon 10more than two ~omPonellts IS In prlnclple Stri]lghtfOIW:lrd, the



actual soIuIIons are OX~od 10b@complimted and not very useful for
Iilustralion of tne p~~ys~l pfIf~CIp~eS In actual practice numerical solutions
probably wll be roqulr~ of systems with more COmpOn0nt8. Incompressibdity
of the liquids is also assumed This is not strictly correct since at the high
pressures Involved the materials do compress by a few votume percent. Sim
the energy asstiated with ibis compression is small mmpared to that required
for the soparaflons, the ~mmsslbility is negJea@. we assume ideal Gqlids;
that is that the intermol~ular force$ befween moJecde AA 6“6, and A-B are all
the same. We show nqar the end of this reW~ that the rekatjon of this
assumption does not s~gnlficantly affe? the centfifugation performance. We
assume that the paflial molar volume IS the =me as the mobr volume. The
dLference be~een the molar volume and,the pafliai molaf voMne is assumed
to be the least when th@materlal$,are ~lmll~; the materiab in the present case
all are fk~ride sa~s. me calculations addfesS wuifibrium rather than the
dynamcs of the approach to equilibrium, T}ie rate of approach to equilibrium
are however estimated separately.

The Gibbs free energy for the system depends on the radius. the
pressure, and thd molaf cQmoosition of the mifiure. At equilibrium the change
in free energy is zero So that we may wnt8 the Gibbs free energy per mole GI for
the component i as

dG, = (dGJdrw + (dG&fp)dP + (dGJdxJdw _ O (1)

where P is the pressure which depends on the radius, xi is the motar
concentration of ~m~nent it and the WrentheQs indicate pafliai derivatives.
The term (dGJdr) = .Forcecentnfwat = -Wrd. For a compressible fluid such as a
perfect gas, (dGJdP),- 1P and this is the term which is used for gas
separations. For an ln~mp~essib(e fluid, (dGl,dP) - VI wharo VI is the partial
motar votume of component I. The pressure vanes with r accordng to the

relationship dP = @?r where P is the mixture density. Finahy WQhave tho

Gibbs free energy for @mPonent I as G = GWP) + RTln (NA ) where R is the
gas constant, T is the temperature and y is the activity coetideni which is unity
for an Ideal liquid. IOsedlng the above definitions into 1 gives

M,w% + pV@dt + flTdXJk = Q’ (2)

for the component i, which is also given On page 135 of Ref. 3 The density is
not urnstant with radius since the mole fraction of each material changes with r
in response to the change in centrifugal force with radius aw the components
of the liquid in general nave different densities. combining tem in 2 and
assummg a bma~ system for which Xa + xb -1, we have

(3)

To procoecf we must write an expresson for p. In an unspecified volume
‘III us assume that there are XJ moles of light material and Xbmok?s of heavier



ITl,lt(lfl~t. Tho IC!d mass In this volume is @Aa + Wf%. The total votume of this
rn.~!onal IS XaVa + xbvb *her& wo tlssume that the mOlar volume and the parllal
m~lw volume are the same. The donsdy p is

p = (xaMa + x#&)/(xiAva + Xbvb) = [xa(Ma “Mb) + Mb~xa(v~-vb) + Ve] (4)

SubsNuhng 4 Ifi 3 and 1 ~ing Xd +Xb = 1, we may write 3 wdh the notation X=xa
as

d(rz)[Ma.(V#~)M~~/2RT = (dtix)[l -x(Vb-Va)/Vb)/(1 -x) (5)

for the contrifuga!ion of interest here, a boundary condition is required
Which conserves volume In the Centfifuw. If w fill the ce~tnfuge with a solution
w~tha molar ~n~ntratlo~ of the lighter mmpne~t Of XO,lh8 heavier material
WIII MOVe to Ih@outer radius and the lighter Menal ta the inside. However
under the assumptions of (1) ln~ompressibilim and (2) that the partial molar
volume is the s~e as th8 molar volume, the total VOkma of xo in !h8 system
must remain unchang~. Consider then a cyi~tid-t rotating volume of inner
radius rl and outet rad~usra an? a height h containing xo moles of the lighter
component. ~h8 volume 0CCup18dby the lighter material is

K(rzz-rlz)h(xovd(%va+(l -x)Vb)]. The equilibrium @ncentmtion of x varies with r
but the vo:ume of fighter mateflal remains the san~e. merefore cmeMng the
volume of the lighter material we have

2xhrdrxV~[xVa + (1-x)VtJ = hn(rz2 - r12)xOV~[xOVa + (1“xo)VD] (6)

Rewntmg 5 as

x = (dx/dr)( l/r){[l ‘x~b-va)~~~ 1“X]) {~ T/Q?[Ma-(V#~b)]} (7)

and using 7 in 6 yields upon performing the integral

[1 .x(rt)/(1 .x(ra)] = exp(M~Vwa.Mb)&( ra2-r12)/{2RT[l + (-1 + l/xo)VI#VJ (8)

Equation 8 is the fundamental expression for cakulahng the centrifuge
performance in this report TOgain some Mght into fis US8, it IShelpful to
comder tha MS@of isO~oPicseP~ratiofi in a liquid for which v~~vb. Equation 8
then becomes

[1x(rl)/(l. x(rz)] = exp(Ma”Mb)#(rzz-rlz)x~2RT (9)

It 5h0ws the same interest@ resuh as for centrifugation of gas4@4 m thdt the
soparatlon depends on the difference of th@rnokular weight and not WVM.
Therefore heavy materials am separated as readily as tight materials and for all
ft~u’t;wlar forms tho equlllbrlum separations are the same. Of cwrse the
dUPSIIy of the material [n the Cur:lrlfugg IS very dltferent for a gas and an
w ,jmpr[jsslble l~quld,!he amo~nt d rll~tefd m the Ilqwd is many hmes that m



the gas for the samo volume. On th~ Oth@rhaml the viscosity of tha gas is much
lower than Ihat 01t+o :iquid so that ~hos~paratlon rates are grea!or for the gas
and ;herefore the volume ~hro~hpul IS higher for the gas centnfuge. Whether
the mole processing rate is higher for the gas depends on a detailed anatysis of
the two system. We use Qxpre=lon 9 l~ter to conSider ~he i*to@ sepa~tion
of Cs.

Returning to equation 8 we see that the leading tefm in the exponential
can be wfittefl vb(f’daNa-f+Jldvb) = Vb(pa-t%) SO that nO S8PWatiOn is possible if
the densdios of the two materials are the same. The fwi~brium separation of
lncomprassible liquidS then depends ultimately on the difference in densities,
on the ratio of molar vo!umess the ,molar volume of the hea~i~r component, and
on the initial molar fracllon of the hghter matelial xo.

ill. Centrifuge Parameters

The form of the centrifuge which will be considered h8r0 is that of a
uniform cylinder as shown in Fig.1. This unit is basicalty a rotating pipe with a
central core and tho =pap~lity to e~raa and feed two Product streams at
different radii. The -pa~llty to ~ee~two streamS is not con~dered hero and so
bth inputs feed the same matena[. Table 1 shows the performance of several
types of materials suitable for centrifuge cofist~ction4. Most of the mater&la
opera!e with tangential $Pe~s Of 400 to 500 MA ahhough advanced matefials
can operate at about 700 ~s. For the studies here We assume a speed of 42S
nvs and a speed for an advanc@d system of 700 nVs. The inner radius is taken
tobe 5 cm; the outer radius Of ~5 cm gives relation $peWs of 451 and 743 rpa
respectively. Most Wbomolecular Pumps operate at peripheral speeds of about
400 to 450 Ws with ball bearings.

At !he bottom of the Table 1 l~e conditions for the various resonances are
shown. The resonances are Impotiant since operation at resonance for any
Substantd period might *ma9e the centrifuge. Therefore if the centrifuge k
deS19n0dto operate above the first resonance. it must be buift with powerful
drive motors and brakes in order to move the centnfuge through the resonance
qutckly. We see that for these systems the first resonance appears at a bngth-
Io. radiu!$ ratio of about 14. This means Ihat a device with a radius of 1S cm can
be about 2 meters hng without concern for resonance problems. The maximum
volume is then about x( 152”S2)200 = 12S liters, ne radiation levels around the
centnfugtis Vvlltbe exceptional high and the tempwatures till also be high.
These conditions might be a problem for the bearings and their lubrication.
Therefore it would be highv desrable If the centrifuge coukf be buitt with
magnetic suspension bearings (as IS the case for the IANSCE chopper which
runs at 600 rps) or air beatings. In edher case these types of bearings probabfy
WIII require a vertcal oricntallon of the cen!nfuge.

IV. Seporatlon of AcMldes and Fission Products



Tho tfansmwtahon of actinide is by ffssIon and the ffssion products
must be remowtid ccrmnuoudy In order Mt 10 pbcs a burden on the neut, on
oconvny and to allow the separation of the lo~-lived fission products for
trmsr,:u[atlon also’. For the motion sah bas~ system, the actinides and fission
pfoducts ~ro present as a small molar fraction in a carders: consisting of a
M-. f3eFzmxwfe. The first step in the required separations is the removal of
most 01the light carrier saft from the heavier aainide ati fission produd
fluorides and the rotum of this -rrier Saff(Othe transmute. The second step is
the sepamon of the fis~io~ p~~dud f~om the @fJnd@ so that the acfinkfe can be
returned to the transmute and so that the fission product can be further
processed for separation of the Iong”lived U2nstituents which must be
transmuted to stable or shofi lived matefial. For this second step removing the
fission product txmplot@ly from the aainide is not required since the actinide
WIIIM returned to the transm@er,. However. the actinide should be removed
‘completely” from the fission Proau~ so that fhere is ‘no” amtaminatiorr of the
actirvdas m the stable or shofi lived fission Prodtis which do not need to be
transmuted.

For a transmutation SyStem using molkn saft as the carrier of actinide
rnateriat, a successful cent rlfuge “based separation system would offer the
enormous advantage that the fission produ~ ati actinide can be continuously
separated in a cbsed system without a waste stream. That is, a physicA rather
than a chemical method is i~PJQment* so that the additions of reagents,
solvents, etc. is not required, and therefore any waste streams associated with
these chemicals are elimmated.

The first step, which ISthe earner sah sepamtlon, does not require highly
pure separations for either the =rrier Or the heavier materials since thq satt is
fed directly back into the bianket and the Carner separation must be folbwed by
the fission product”actinido c@rifu9al separation. The earner separation is
made ddficult by the fact that the heavier fractionk a mther small fmtion of the
total salt volume. We begin the pedormance evaluation with a fkting of the
relevant parameters.

Volume of earner salt m the blanket 2800 titers
BaFz”LF mole rat~o 16f71 7
6eFa densrty 1.99
LiF dens@ 2.64
Molecdar Weqht of BeF2 47
Molecular W@ght of LIF 26
Oensdy of tamer salt 2.s2

tt
~lar ~ 15.- 3
Moles of earner saft m the blanket 180,000
Actmide inventory m the blanket 280 Kg
Actlnde concentration m the carrier saft 100g/liter
Actlrvde fluoride densdy 67
~( ~d~

~~ ~a‘u —-.——



~QMdl~2!h
fission product ffwrde density 40
flswn product fluoride molecukir wlght 157
/$Ql~ ~————U4M
~ of
f)tjnsty of actmlde piu~ LSSIOrIprodud 526

0 28271s, 43971s
T 873 K (6OOOC)

The mole concentration Of fissIon product in Ihe -It depends on the
cho~ces for up-front proc@ssir19and on the residence time for the fission pmdUCI
feed. We assume that no separation of the waste is done in the up-front
processing except the remvaJ of the volatlkt ffuorides uranium and zirconium.
AII of the waste has be@nfluorinated’ and is fwinto the moften satt of the
!ransmutew, We assume fudher that the system IStransmuting the fission
product waste from two commercial power reactors operating at 3000 MWt
which produce 1000 Kg/ year Of fiSSiOnproduct waste. The system burns the
waste from these and also Pr~uces a totaf Of 1500 MWt of fission power so that
the total amount of fission produ~ Which wsws thm~h the system is 2500
k@year. The carrier sdt is processed cOntinuOusfy at a rate such that the
average residence time of a fission Prtiucf atom ifi the system is about 30 days.
The amount in the molten MI! at any time is 2500X30/360 = 208 kg. Shoe the
average molecular weight of the fission produ~ is 0.157 kg, there are 20W, 157
= 1324 moles of fission product in the system. The fract;on of fission product in
the ~rrier is then 1324/180000 = .74 ~0. Therefore the mole fraction of fission
product plus actinide in the system is 0.65% + 0.74% = 1.39. These fractions
may be used to calculate the molar volumes of canier and the ‘heavies” W the
average molecular weights Of these same mixtures. For use in 6 we then have
the parameters

Va s 15,2cmg
V~s 47 cmo
Ma= 38.3
h&=248
IQ=l” .0139=0.986
r1=5cm
r2=15cm
(,o= 2827, 4397
R = 0,31 joules M
T=873K

The mole fraction of the ~rrier salt staffs out at 0.986 ati in the first
stage of centnfugatlon it is separa!ed to C.W4 at rl and 0.978 at ra. The
ennched caner ISthen returned to the blanket and the material cotkcted at r2 is
sent on to the second stage for fu~her removal of ~rr~er. The material from the
first stage divtdes irW two streams ot equal flow rate so that half of Ihcrmaterial



ISsent on to the second stage. Fig 2 shows how the ~-ntration of heavies
changes fof the samo cantnfbge parameters as the materfal flows through
SUCCeSSiVestages. Note (hat 8 stages are requirw to reach a ~
~ for u - 2827/s. This corresponds 10a ~

- Note that for the higher value for @= 4397, the same separation can tM
achwved m fhe stafps sff- the ~e~tnfwal force is higher by about 2.5. Wdh
th!s hlghe( fiekl Me dnfi raf6s are also faster by a fader Of 2.5.

An assembly of centrifuges are shown in Fig. 3 with a pOssible ccmcept
for Interconnection. l%e material from the first centrifuge at .985 concentration
IS sent into the second and emer9@son the outside at a concentration of 0.965
and goes on 10the third cenfrlfu9e. me material emergin,? from the inside has
a concentration of .991 and IS returned to the blanfet. The concentration from
the insole of the third Centnfu9e IS 0.985. This i$ sllghtly befler than the feed to
the first centrifuge. so It IS sent back to the fi~t rather than into the blanket and
recycling twgins. It can be seen from @. 3 that in ail s~essive stages the
concentration from the inner rmius is mOr8 favor?bfe t~n the material in the
alanket and that it can be reentered into tho mfnfuge assembly two stages
back

There are two impofiant r8SulfS from this recycling. The first is that after
the second stage all material staY$ in the a~embv meaning that 1/4 of that
which enters emerges at the eighth stage with a mofar concentration of 0.656.
The secxmd is that b-use of the rwcl@, the f=ncentratkm of the output
rnatenal is somewhat befler than 0.656 b-use at every stage of recycle th@
recycled material from a downstream sta9e is more concentrated in ‘heavies”
than the material comifw from the uPstream stage. The size of this effect has
nor been carefully anaWd but is estimatw to impmve the output motar
concentration from .656 to .621. A final point that should be made is that the
improvement in the heavies cO~@ntratlOn is greater the greater the in@
heavies concentration. If there is actually a larger heavies concentration in the
blanket to begin Mth than that chosen here, the ef’feaiveness of the same
centrifuge assembly WO~~ be ve~ substantially enhanced. The concentration
assumed of 0.0139 is ~nse~ative and the concentration in the real system
might be a factor of two or three higher.

The cel~trifugation system shown in fig. 3 reduces the aner
concentration from 0.9M to ak@ 0.621. The heavies concentration has been
increased from .0139 to 0.379 or by a factor of 27. These figures are equivalent
IOthe separation and return of 97.7 ~0 of the @rner to the blanket. tt she@ also
be noted that while the molar concentration of the carrier is 0.621, the vofume
fraction of the carrier IS0.375. Having eliminated nearly all of the carrier saft,
the next step is to sep~ate the aainide from the fission product in a subsequcmt
centnfugaticm arrangement. To zimplify the probiem so that the binary equation
can be applied, we neglect the remaining carrier saft. In the real situation it vvd[
come out of the subsequent centrifuge system mixed with the fission product.
The actual composition of the fission prMfWt-aCtinide mitiure is uncertain but
the components are approxima~ely equal and we assume equal molar
qu.~ntlties of each The parameters for entry ifdo 8 for the actinides as heavy



Component b with assumed compoSltlOn MF6 and the fission pfoducf aS the
l,gt~ter componom a With awllwd composition MF2 are as follows:

Ma = 157 grams
Mb .350 grams
Va -39,25 cmJ
vb = 52 cmJ
Xo= 0.s
u = 28271s,43$tls,

The purpose k to separate the fission PrOCWI from the actinide so that
the fiss:on products which must be transmu~m” an be paditioned from the
ST e and short-livd fission Pr~u~s. me a~iniefe fraction is returned to the
bmket. The actinide fra~t!~n =n cqnt~n a signifi=nt amount of fission prodm
since the actinide is to be ret:~rned dm3Jy to the Nanket. However it is
Important !Ohave very little contamination of the fission prOdM with thu actinide
in order to avoid further chemical processing to separate the several acfinide
elements from the fission product.

The pedormance of a chain of centrifuges for the two angdar speeds are
shown in Fig. 4 where the fra~~on of the acfinide in the fission product is shown
as a function of the number of stages assuming n~ feedback The objective for
the purity of the fission pr~ucf Is somewhat uncertain, but it is saen that a
stream of 0.9999 PIMY CXNJ~b? obtain- with ten centrifuges at the sbwer
speed. At the higher spe~t this PuriW level COUkfbe exceeded in four stages
and 0.9999999 puriw COU~be reach@ in wx stqes. Cbarfy there is very high
lever~e in increasing the speed as much as practical. Since the volume of the
fission product .actinide mixture is smaller by about a factor of 1/0.139 =70 than
the carrier salt. much smaller throughput :ates are required for the actinide-
fission product separation and the actmide-fission product separations
centrifuges could be much smaller and few in number. Higher centrifugal
!ieids can be more readily achieved in smaller volumes so that very high quality
separahons might be achieved for the fission produ~-actinide separation.

In summary, we have described two set of centrifuges with the first set
!eeding the second. The first Set removes the Carrief Sdt returning itto the
blanket and the second set CleanSeSthe actinide from the fission product
Ietuming the actinide to the blanket for eventual transmutation by fiszion. The
two set of cenmfuges along with the blanket mnstitute a cbsecf system with the
only outlet being the purifiqd fission product. There is no requirement for
solvents, exrackntso etc. and ttle associatm problems of dealing with mixed
hazwfous waste. These prospective advantages am suffbently notable that it
ISworth considering how the centrifuge concept might pefform for two other
applications. The first is isotope separation which is necessary for neutron-
econo~Tictransmutation Ot ‘ 37CS. The second is the removal of spaila(ion
product from the liquid lead target. We examine the prospects for these next.

V. Isotopic Separation of ‘3aCs from ~37Cs



U Ihe lransmu!allo~~of ‘ 37CS !s attempted without Isotope sepafallon
nearty all 01the l’~CS must ~ transmuted by successive neutron capture !O
136cs or 137cs ~$oro it could be converted to stabfe barium Since there are

about equal am~nts ~ fissiu~ Pr~~ l“C$ as ‘37CSt the COStin neutrons IS
absolutew pfohi~tive ~th~t i~to~ separation. Ac@rding to Ref. 1, it is
necessary to sepafate the 137CSfrom 1‘CS to a Puriv of .9999 to reach clacs A
levels for radioactive waste. Equation 9 -n be used for an assessment of
centfifugation for cesium separation. The parameters used for this evalua!iton
are as fotbw$:

fvla-f&=O.WKg
@w 4397
Starling concentration of 137Cs, xo = 0.477
T=373K

The practkaf imde~ntation of *ntrifW1ion for CS is enhanced by Iwo f~actom;
the tOWmeting @fit of Cs metal of 28-4 ~, ati its W timsity, which w
discuSS Iatm. The temp9fStur@ apwars. In the denominator and enh;mcm the
separation @gnifi~ntW AIw the oP?rat~on at fow tempe~ature aflotw thatuse of
a wider ra~e of Wh-@r@Wtp matenal~ ma~~ hxwr S-centrifuges fess
difficdt to buitd. Thor@fOr@$h!s=tilat~on is done onty for the higher rotational
speed. The vOlum of CS wh~h must ~ processed per you from orlo 3000
MWt commef’chd feWOr is al= srnalt at a~~ 30 ~.m so that bngor rmidence
times are Possibh @ fe~r @ntnfWes am nm-f’y to satisty th@throughput
requirements. For this a- we take, ~jor advantage of feedback a:sshown in
Fig.5 since the separation P@rstage IS bw for a non.f- system. A heavily
fedback system is pradml tim the thr~ghput r~immont is low. Stwting
with a matofbi of ~nmnt~tion xo = 0.477. the cmcmtration at the dwide and
outsiti are fod fmm Eq. 910 ~ 0.492 and 0.462 r~spedve~, the cfumge
being +- 0.0148. ~ the fnatenal IS f* back into the centrifuge with 90 % of thsi
fbw ooming from the ouWut of the =me centrifuge, tb composition of the input
becomes 0.9 x .492 + 0.1 x 477 = 04~3. The WM enfkhment Irnll IM ,4903
+ ,0146 = .S051. Upon tm and circulation the feed wilt be 0.9 X .S0!5! +.1 X
.477. .S023 and the o@pul *II* 0.5171. As the material continues to

circulate the oonoentratkm Wll increa~ to a limit, which is estimated by
repeated dcutahons of t~$ wP., to @ about 0.62S.

Fig. 5 shows W -ntrif~es connected together with the performance
estimates indicated. ~@ f%ures insi* the boxes, wh~h represcmt cmtnfuges,
ShOWthe feed fradions at the top and the output fractions at Ih@bottom,. Af the
bottom bebw the boxes the o~~t fra~ions of ‘3*s are shown. Fq. 6 shows
the estimated ~~ntratlon of 137CSIn t~ 1~Cs output from an away of s~kh
interconnected cerrtrifu@s. The objective of four nines purity is remhecf wrtth12
stages. The separathn W~ * *n@ Wilh fewer centfifugas. For exmple the
output from the fht four MS a ‘37CS composition of about 0.06. This material
codcf be cdectecl ●d US@ as a ted matefiat for a second camp!a@ wh@h
would improvo the ampo~tlon to 00019. This In turn coufd be ussd as fed m



a thtrd ~mpaqn to reach the a composition of abut ~.00005. VVtub tho three
sepafate carnpa)gnci mqum fuwar centrifl~~~s, the advantages of a cantwuous
ctosed flow system are ~ns~derabie and the most appropnat~ arrangement
WOUld require a careful analysis of many factors.

This analysis has neglectd the ‘3%s which is present in the
commercial reacfor waste at an isotoPic frtiion of about 0.12. The
concentration of ‘*CS in the ‘ ‘CS *~f ~ greater ~- the mass diffwmce M
two rather than four, so that the ~n~entration WOU@ba approximately
(.oO005)’@ = .fM71 If it ware in the same abu- as the 137CS. Sime there
is ordy about 30 % as much *3~s as 137CSfO begin with, the abundancs of the
135CSm the 1~Cs output wOuM be ~pprOXimatefy O 0021. Accordi~ to
reference 1 this meets the limits for CtaS$ A nuclear waste.

The estimates of centhfu9@ Perfomnce presented here are exceedngty
attractive and wodd make the tfanSmUtatbn of ‘3’CS and l*s qufio feasible
from a neutron economy Pint of vbw. A mare det&bd analysis of the @topic
separation prospoct appaars to be warranted.

VI. Centrifugal f!emov~l of Load Spallatlon Product

The buitd-up of spallation Prod@ in the mid tad target is a potential
prob[em since eventually it migfit reach a level beyond which it is not sobbb in
the lead. The dkt~bution of the spallation pr@@s9 as a function of atomic
number (Z) is shown in F*. 7. Most of the 8paMNkm Pmcfuct is cbse to lead in
atomic number ad it is nearly as eff~ivo as load as a spalfation tafgat. TM
matenai also maves back towards foad in mass ovor ● bng period because of
su~esswe ne~lron capture. If the bad is in us. bng enough, this capture
process titt ba balanced by the spaliation product production rat.. tf this
equilibrium condition is reached at concentrations of heavy spallatbn product
which are soluble in the lead, then the heavy spallation produot need never be
removed. The elements In this group include Qi, Tf, Hg, Au, Pt, lr, 0s, Rh, W, Ta,
and Hf: many of these are noble metals.

There are many lighter spallation products which aro made in very small
quantities also. These probably ~11 never WO* their way -up to bad
b-use too many f@utron~Ptur@$ are wired. It m~hf bS dosirabte to
removo them. These nuclei eWMd down ●ven to ha lightest cb’nents, but the
number bwer in atomk num~r Z th~~ 25 is very small. The densities of tho
elements ●s a tunction of Z are shown in F@ 8. Tfw avorag. density of those
lighter materials is about ~.o ~mpared to 11.35 for bad so that the centrifugal
separation should be quite Qffwive. H shouu aiso be pointed out that the
heawer and moro abundant Spallatlon pf’OdUCfStisted ●bow alt havo (f4iM.$
substantially higher than lead. Therefore. theso UN movo to tho outer radius
under centnfugation, and tho lighter fnateffds shoukf movo to tho inner radius
with the greatest cortcentrat~on of lead in botwoen. The concentration of the
lighter ebments will always be VWYdilute; the ob~ective in centnfugation would
be to concentrate them to a mole fra~lon of abut 010 in the centrifuge before



remova[, The lead w ~hon be dl~~llted away to gIV@PWe spaUa!lon product
which ciin edhw bti ‘-’l~r~dor t(l~n~mu@d 10 stable ~tonal If nacossary m the
blanket.

The txmdmon of a VefY dilute lighter COmfMntM in the centrifuge has not
been considered and Weexamme !hls case by returning to Eq, 8. We take xo
<<1, wh~chis Ihe USe aiso for x(rt) and x(ra). Eq. 8 than becomss

(x(rf) .x(r2)V xo - Va(Pb” p~]@(r22 - r,2)/2RT (11)

where Pb ad pa ar6 the densities of the lead and the ~~ht spalfation product
rospectivety and Va h ~hemolar volume of the Iighf spallatio~produd. The
fott~wmg parameters are used to evaluate the effectiveness of centrifuga!ion for
lead cleansing: ~ = 11,35, pa = 7.0, Va = 17 Cf?# , XO= 0.01, T ● 673 K, u =
2827/8, ra = 15 cm, and rt = 3 ~m. We fifid (XI- X#XO = 1,052, which maybe
rewritten, (xl” x#2 = 0,531 XO. Therefore the fifst stage of centfifugation would
lead to an increase in the concentration of the light pmdud from .01 to .01S31 at
the inner radius. UsiW the concentration 0.01531 as the feed for a secaul
stage gives a concentration at the inner radius of 0.0234. +ha amcentration for
SIX stages is as follOwS:

~(lighter spallation product)
0.01 (feed)
0.0153
0,0234
0.0358
0.0548
0,0838
0,128

Startingwith the fhid We the material Mrn tho outer rxius can be fed back
mto ths first stage wd so On with an enhancement of the flnat concentration
beyond the 0.128 value for stage 6. If half of the product is removed from mo
inner radius at each stag.. I/4 of the material fed info the centrifuge array
emerges from tho final stage.

Tho h@@AOrofements with an average densiw of 20 Will be concentrated
at tho outer radu$i Usiw the param@t@t3pa * 11 3S, p~ = 20, Va ● 16,3 cm~, xo
_ a,o! and all of tho other parameters the same, we find the concentration at the
various stages to b8:

sm., GmmWQII (h~a~ief Wallatlon P-fud
o 0 J1 (feed)

00226
; 00511
3 0116



A cmcentratlon of lfw hew @Men product near 0.10 M buitf up far sooner
than Ihd for the l~Ghl~PJllatlOn prm. If re~val of both hght and heavy
spdatlcm product appears 10 be adwmbte, Ihe heavy product cdd be
removed using a bank of three contnfuges whenevOt the heavy product
concentration reach8d 0.01. The tight spailation product wodd requIro removal
much less frequontfy. The removal of tho light Pmducf add be done by usIng
the same array of three centrifuges applied to the heavy pmducr saparat~ons
and cyc!mg hmce through the set of three.

VII. %paratlon Rate9

The separatlon$ deriwd in 8 and 9 are equilibrium separations. Whether
or not thuse separations are of mom than acadomk intmst depends on the
separation mtos. Ffa~esare estimatd We for the cases considered above.
Since the material musf be separated at ad~uate rates to be useful, these rate
estimates m~e it poss~ble to estimata the numhr Ofcentrifuges of a given size
that must be used.

The discussion of rates k simplified if one asks for the drdt rat. of an
isolated mofacute of OnO$pe@es through 8 second material. In a centrifugal
fiekf an atom experiences a foma F - Mtr# whkh causes it fht to acceferato
and then to reach an wifibrium Vemty dw~w on W tfkfiomf foma
wh~h acxxdng to the Stokes formula is proportional to vetocity. Thi8 friction
forca is found to b. F ● 6naqv where v is the afift velocity, q is tho soMion
viscostfy, and a is the molewlar radius of the moti~ mokcdo. Setting these
forces equal gw.s for the drift vebcity

v ● M@/6uq~ (lo)

We first apply this to the separation of the Carnor from the fission product
and wtinido It% “heavies”). since the wrfior is almOSt all LiF, w. use that
wsasity fof t“ carrier. This viscosdy is not known to tho author, but w. take if
to be some~ 1 laqef than !he value at 600* for lJCL whkh is 1.4 contipoiso,
and assure. the vahm of 2 contipolse for the ~er, We ostimato tho votocity of
● UF4 mokde in tho earner. The mass is 314 ~ramshnde and tho motar
votumo assuming a densityof 6.7 IS47 cma Assumiw 6 X 102~ moleculosl

mole and the atom vOlum@V ● 4Ka30 $ivgs a nxWS a ● ?.7 X 10~ cm. Taking

an avoragc mdiu%in the centnfuge of 10 cm ●nd a vaiuo for u ● 20271s,m
cdcdate a vdodfy of 4.1 x 10-6 CWS. SM. Ih. avorago distance whtch Q
rnOkCUIO must movo in the centrifuge is (15=5)/2 ● 5 cm, tho hmo required for
separation is about 12 days, For a volums in tho centrifuge of 125 titers and a
mofton saft volumo of 1600 liters,a si.nglo centnfugo coutd procoss tho ~tiw
lhf~h rho first stage in (1600/125)X !2 = 153 days.

if w. fequiro that the first $tag. sopamtion bo repsated onto per month,
fIVO centrif~es wdl be required m the first stag., The second stag. WIIIrequire
hatf M many since only half of tfw matedat IS sent fofward to the !wond s?a~e



The lhtrd stage wit MIC@monly half again for the samo reason. Tho Iotd
number Of centnfugos fot qhl sla9es Of carrier separation is then 5 + 3 + 2 + 1
+1 +1 +1 + 1 ■ !5 II the h~her SpWd Of 4397/S i$ uSSd the force is larger by a
factor of about 2.5 so tho number of centrduges for the five stages required at
the h~hor speed b-roes 2 + 1 +1 +1 +1 = 6 stagOS. Tho separation for the
fission product WIN~ somewhat sJOw@rsince the mass is smaller ovon though
lhe molecular radius IS also somewhat smaller. Nevedhebss, these estimates
pIiIce an approximate -b on the size of the centrifuge assembly required for
the tirrier separation.

For tho actinide-fission product separation, the rates are assumed to be
about the same. However the volume Of the heaties is smaller by about 50 so
that onk one centnfWe mUSlbe used for each stage. A smaller gap (rs = 15
and rl = 10 cm) in thOCSMnfug@alsO can be usad without sacnliiing much in
separation peffofma~. me reside~e time is then 6 days in each of eight
centrifuges for the SfOwefrola~~ona~speed ati 2.5 days in each Of tho tOUr
stages for the higher sP@*. The total reside~o time in tho centrifuge for
actirvde”fission pr- s@Paralion is then 6 X 8 = 48 days and 2.5 X 4 ● 8 days
for the two respecthre speeds.

The total time for a molecule to pass through both tho catier separation
and the actintio r@mo~alPr=ss is than 15 X ~2 + 48 = 220 days for the sbwe?
speed and 5 X 5 + 8 ● m *YS for the faster speed. In tho case of the sbwer
speed tha actinkh mol~lo sp@nds62 % Of its time outsido tho transmutor
blanket so the effectiv@flux on the aainids is rtiucecf by the factor 0.30. For the
fastw epoed, the fraction Of the time spent outside is 3& 365= 0.0904 and the
offectivo flux is reduced by the factor of 0,91,

The gain from increasing !he speed by a factor d 155 is quit. significant.
Tho total amount of the material which must b. handed at any on. timo outsido
the system is reduced by a fader of 2,5, tho number of centrifuges is roducad by
the same factor, ti th. @ffWIVU flux is i~mased by the aim. faotor. tf the
capital and operations mst for the separation is proportional to th. number of
centnfuges, then th@serests are also reduced by tho same faotor. For a c@tal
cast of the centrifuges Of$250,000 each, the total -pitai cost of tho
centnfugation system for lhe $Iower speed system might be about $6 million.
There is a high premium on achieving as high a speed as possiblo whk
keeping other parameters the same.

For tho isotopic separation of cesium, tho drift rates are substantiality
higher, The vismsity of the liquid cosium at 216 OC is about 003 centipoises so
that tho drift rat. is found to be about 5 cm in 1~5 days Howover the ~%s atom
must go through 12 staoes and ISre clad shut 20 times m each so that lhe

Ttotal time spent is ●bout 12 X20X 1, ● 360 days, The throughput per year for
the 12 centrifuges i$ ttlen 12 x 125 liters X 1,88 m2820 kg, The annual
processing reoutrement for a 3000 MWt system is about 77 kg, so that lhe
throughput Is far too high. The 5.15 cm radiuo system IS not scaled property for
ceswm separation. A $maller radius centnfuge with lower volumo capacity and
h@er rotational speed WOukl probably be much moro effective, Perhaps r2 =



75 cm, rl -5 cm , md I ● 50 cm cOrfWOnding 108 volumo of S titers is about
right

For the sepivatfom aSSOClatd WIlh Ih @ad target, We use PM vmcmty
Of toad of 23 centqxxsee for a temwaturo of 673 K and dcx,date an avmgo

atomc radius of the Ilghler spa~lation Pr~@ of 1.9 X 10+8cm assummg p =7

and A = 120 and for the heavy sPallatlon Product 1.S6 X 10d cm assuming p =
20 and A = 190. The drift velocifles for the- ~se$ ar@fOund from 10 to be I 94
X 106 Ctis and 3.74X 104 cmts respoctivefy,

For the heavy produ~ the, resdence timO is akd 13 days per
centrifuge. For a volumfJ of, 125 llfe~ Per @ntfifWe ~d a total lead volume of
1500 tders, the process~ng t~me for all Of fho lem WOUkfb. 1S6 days. The time
spent by a singleatom in Passim throu9h the =ntfiwo ~u~ b. 39 days. B!
using two centrifuges for the first stage si~ SW’@.contnfuges !or the following
two stages, the CaPaCItYof the centnfw~~n WOUfdbO douNed and the
processing time would be rwuced to 78 daY8. on. such campaign might be
run annually.

For the tight spallation product separation, tho vebd~ i8 sbwer and tho
number of stages required is larger. ne separation timo per contnf e is about

?26 daya. for the sot of four cenf~fuges deodb.d *v. (three contn ugation
stages), 2S0 fitefs cou~ be Pr~es~~ Jn 26 days: tho total of 1600 titers coutd
be processti in 1S6daYs. rn@ volum@of bad WOIJkf b r.dd by four for this
first ~cle through the three stag8S. Thereforo tho sacoti cycle through cwld
be completed in another ~ days for a tofal Of 206 ~s. Wm. it takes a single
atom 78 days to pass thro~h three st~es. thosa tifw wdd b. oxtendod
somewhat. It seems likely that removal of the tight spaf~tion pwhxts mqht
r.quvo a campaign lasting about one year. One such campaign might be run
perhaps every ten years. Of course, the uso of the higher spood centrifuge
woutd rodua tho number Of stages and the processing timo substantiality.

The frequency of r@moval WIII depend Wtimatoly on tho total votumc of
load in the targd, tho proton beam cufmt, the sotubility of the spallation
pmdds, and tho neutron Wture fate in the spallation product. Tho captw
rat. in the spallation product shoukl be kept smatl 00mpaf.d to that in tho toad.
In summary, it appeam thatCentrifugation might b. WI off~iv. and IOW00sf
means for d6i#iRg with spalbfion product removal ffom t~ ioad !arg*t. The
abmca of ● wasto stream associatti with this pmcesu, oxcopt for that in
mamtonarw of centrifuge components, IS an WtraCtiv@feature of this approach.

W. Non4deal Solutlona

The ana[ysls described above was dono for Qn Idoaf sohtloni For a
bmry system an deal SOIUIIOnexl$ts ~htn ~h. for’ces betwen molecules aro
not necessanty zero but when the forces A-A, B-B, ●nd A*8 are thg samo If
lh~se forces are not the same, then the solu!ion will bo non-ideal and energy
may bo released or absorbed In chiing~fq the co~c~ntratlon by some means



such at certtnfugat@n Therefore additional ener y may bs nawsaay beyond
that r~ui~ad to ovafcomo the entropy of mixiW, 8no way of tooting at thas
questum M to compam tho centrlfu9a~ forca with tho “entropy foru.” For ●

binary soMion wIttr a cO~@~lratlOn gradienl, tho seafch for maximum entropy
WNdrivo tho solution to a undorm concentration. The ‘phantom”, %ffectiva”,

thermodynam~ force IS F = -d#dr where P is the them-l potentiat per mole of
mixtum. This form ISzero when the mixture M uniform. R attempts to push the
mndure to uniformity when a~olher forC8 such as centtifugath upsets tho
uniformity or when W ~iuids are POUf* together. [n w ideal binary solution,
the Gibbs free enefgy Pr mole m IS $tiven @ B -W + ~Tln v whore x is the

cmcentration of cmponent a in the mixture 0~a ati b W Yis a numbar
between Oati t which rn49asur@sIhe degree of depatium ftom i~n ideaI
solution. ft h concentr~lon dependent and therefore depmds on r.

We consider first tm =se for an ideal soMiofr for which y m 1. Therefore
thl~ forca of mixi~ Pr mO* of ~~ution is F = - (RT/x)(dxMO. In a mol. of
solution there aro XA mokdes, where A is Avogadro’s nurnb.r, so that tho
force on a singIomokuh is Fti:lq = - (RT/x2A)(dxdr), Tha asntrifqpt force on

an mdhddust mofacd. of mf~t. is -md Wher. m h the mass of an indvidual
molacufa. Tho mea m m be r@k4.d tO tho molecular weight Mlby tho
relationship m ● M/A so that the Centrifugal forca par mofwxte F~~ti~ ==
Mrd/A. Th ratio of thesa forcas is then

.
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We se. that for wv @~@ *lutes *th x<< 1t the centrifugal soparatiorr might
be rather unfavorable ~~ th@mlxin~ force is strongv ●nhancad by tow
Corumtrations. lf W. aPPly 11 to the sepration of carnor ff’om the Mavbs, w
know from Figs 2am 3 that for an ~nitialconcentration of 0.014 for t?io hoavios,
the separation achievad over a distance of 10 cm was 0,994.0,978 = 0.016 so

that m MKS units ddxrs .016~.l = 0,16 m-l, Using M _ 248 Kg, u = 2627, r ●

01 m, MM T ● 873 K gIV@s Fmxm#centnlu~ M 29,9. Thoreforo tho centrifugal
forco is wmk compared to th~ ml~q fo~ce ati only a small dogrso of
separation is pos~bl.. Howev@rt~nsubsequent stagost lho vW. of x bacomos
targor and tho dagreo of separation wdh each stage rap@tybocom.$ targor
bwsusa of tho strew d@p@ndam on X, as can be seen from F@ 2.

Conwdar now th~ -e for a non.ideal m~tiure for wh~chy c 1 ~Tho force
fmgl~ {S
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We se. from th~ first te~ on the rwht had s~deof ~2 that tho fem. ISreduced
by tho valu. of y from Iho force for an ~deal solution The soared term m tho
force ISnot depend.r’d expkltly on the molar concontratlon x but only on the
varlat~onof y with r For a vefy dilute solute, the value of y = I and d doesn’t



chmgemuchforo~x<ols. The reason for t?usis that at x <.15 the molecule
IS surrounded on all sides by SIX neig~brs of he other qwcies in the solution
and makmg the soMion mom dilute does not chango this. Therefore for x <
0. I S, y is very near unity ati depotis On~ WY weahfy on x. Refernng back to
Fq 2, any non-dwlity of lhe solution has very ~fife effed until tha sixth stage of
separation. Ehyod the *xth sWe, some @ff~s on the separation might

become obsewab~. The dowee Of the inffuof= of @dx cm only be

determin~ by m@asur@m@ntsof the deW@.- of Yon @-ntmtion in the
concentration ra~e Of intOrest (o?> x > O.*). b OOtimm. if is impotiant to
note that white incfudw the non-~de?fity d ti sofution wilf danga the mixing
fOrCO,it dt not eliminate the sepa~t~~ by ceMugation. k will onfy change
the cfogree of separation par stage.

The effect of non-~eality on the actinide-ffssbn Product separation couid
be more signiwnt snc? th@bwjnnj~ CO~filtiOn is *se to x. 0.S and the
depe~- of g on x m@ht ~ s~n~rmtit *Hr. Wis * mt a binary mixture
but a mitiure of at IOast ~ different fluo* -* ~refwe any indMdual
molecule will not in general be surroutied by dx molecules of the same
sp*es w by J mol~lc of a,si~le ~ffere~ We%. Mh? h usualfy will be
surrounded by motile$ Of SIX~ffe~@nts~m K appaafs that the sofution
therefore might approxh @@al~~ltions by vMue of its complex composition
abne, As the ~pa~ion Pr*e* to fJr@8tQfPUfftYw removal of actinida, the
actmdo molar cancentratioq ~o~s $~n. In amtmst to the situation for
carrier removal whero oondltlons CfWSWOf~ m Meal to ● non=ideat cwtditiin,
in this case the system stafls pe~aps at a fumkfeat amdition and rnovas
towards an ideal cotition as th. -i~do ametira~n is decreased. R seems
unlikely that this ~tti@mPOnent mixture of ~h order wmuld manifeat
sigmftint non4doaiity at any acfinkfe omcotiratbn. Th. Wed of any non=
tieahfy WCM w to red- the separation per stage....not to ●timinate the
sepafabitity by @tiriMlation. f+owmrl h h hqhfy dedrabb to demonstrate the
eqwted performance by ~ual centnfuge ●xpedmonts.

For the case of kotoplc separation, aff of tho mobculos aro of tho sama
Chemul species so that there an be no dePsfuMfM of 7on x and there are
no uncertainties introdw- by @nc@rns ●bout non=icfoafity.

For the cssa of 10* separations the spa~tion procbct is atways at smatf
qmcentration ●s bng ●s tht spalfation produu is not albwed to accumulate or
be ccmcentratad to ~~r ~ncentrations larger t~ 0.1 S so that nofhideafity is
probably never an Issue for the centrlf~ation associated tith the lead largot.

IX Summary

An equatm has b.en derlvoef for assessing the prospects for appfymg
bqud centnfugatbn 10 Separotlons procmes important to tha aocoleralor
Ifansmutatum of nuclear wasto h an be shwn from W squat~on that
hmltatlons on Iho centnfuge g80m@t~ afKf speed Imposed by avahble
matends hrnd the degree of separation per stag. to the odor of a few percent



r~,~ht,flhe’tjsshqhly !J!j@fUl ‘,II p,~f,~ttuns c.m be acfmvod by mahmg US6 of
t., *Jr,~lSlages of cL?lllllluy LNlufl ~litl .Ictlnlde and flsswn product IS present {n

:’, LI n~)?en ~,~tt ~,lrrl~~r al concentrations near 1 0/0 and Centrdugatlon has been

“,nown 10 be promlstng for Incre.lslng Ihls Concentratmn to the 30 ‘/. level.
C~:r~trlugatlor, haS been shown 10 be Prmmng m prowcfmg a flsslon product
s:recim for fufthw separ~lt’ons w~~ch has a qude low actmlde contarmnatlon
The Isotopic separat~on of Cs m a hoavlly fed-back system might make practical
:tw posslblhty of transmutation of the ‘37CS and 135CS in commercial nuclear
waste A!so It rnlght be possible to cleanse the Spallation product from the lead
t.]rgfit separating both the high density and the low densNy spallahon product In
separate campa~gns.

The dnfl speeds of the molecules being Separated haS been estimated
and these speeds used to estimate, In turn, the number of centrifuges required
and thu practical times rectulred for separations. It t\aS been shown that the
tntroductlon of Improved materials with high strength at high temperatures, and
IOW density can have a very large effect On tt?e pwformance Of these
centnfuga:~on concepts. The basic concept of centnfugation makes possible a
closed separat~ons system without the uS8 of reagents, etc. ard th8 necessity 10
deal with their associated waste streams. The systems are well adapted to
unattended operation and hands-off maintenance mu control. Since the
separations are performed on liquid sahs or metals, there is no effect of
radlatlon on the performance of the COntfifL@atiOnexcept perhaps in the
temperature control, The effects of radiation-mducecf organic material damage
and the uncenalntles of IOnlzatlon on aqueous chemkal separations need not
be of concern. Therefore the eXPeae6 performance can be verified with high
rellablll~ In laboratory centrlfugatlon experiments without the use of radloactwe
material, except for the case of monolsotopic cesium.

There are a number Cf Qkwnslons of lills ana!ytcal assessment which
shoukt be pursued:

1 The assumption of equlvaknce of PaftIal molar volume and molar volume
should be examined.

2. The cases where depaflures from an Ideal sokmon are slgnlflcant should be
mvestlgated

3 The technique should be exle~ded to multlcumponent systems where
appropriate

4 The drift speeds can be rmde more quantdatweo The radial drift rate WIIInot
be consl~flt wdh radius, but WIII be l~fbmed by the radial dep~)ndence of the
Centrifugal flekj and by the approach to equdibrwwn.

5 The s!i]~lng and Intefconnectlon of the centrlfugos Inguther must be
l’lve~tlgated and opt)mlzt?d rl~dhlng use of the exact SOIU:KNIS Of the ilpf)rOprli]t O

differential or dltferunct! equallons



t) TI, O flOA ,,1 y!~f~ ,i~~jld l!lfI~tI’jt~ !~)e c&~[flflJ~f’~ KItJSt be e~,~rrvnodcarefully
~,,11(-0that Intght Impact pWfOrlTIJnLe For $?xampie,!he axml flow velocity of Ihe
,,1,! s noI Ur?lform with radlu’; but parabollc wllh the flow rate al the wall being
;t!ro Funhermore care mu>! be Iafwn m extrafllng the separated components
to u~lracl nem the inner or outer wall DrawIfig material from the center ~fl
compromise the separation performance of the system.

7 The use of cervrdugatlon to concentrate the components of a solutlon
sLJg@sts the possblllty for Inducing preclfxtat!on as a resuh of the centrifugal
concentration, Enhanced separation wcukf be associated wdh thm
preclpltatlon-centrif ugatlon comblna:~on.

In concluson, this study sugges!s that CentrlfUgatlOn might address well
SOme of the most dfflcu!t challenges for raalwhemlstw posed by transmutation
and partlhoning technology. The study here does not elimmate the need for
aqueous chermstry, but It very substantially reduces the aqueous chemlst~
required and provides an effective means by which aqueous chemwtry can
I,n:erlace with molten salt and perhaps other pyrochemical processng,
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Fig I Schematic diagfam of a simp(e centrifuge with two enlfy points at h
bollomand to exif points at the top. For the contnfugation discussd her., tho
matwal enlem through on~ one port at the bottom. It leaves at both tho inner
and OUter radius with the ratio of exit flows determined by exlomal valving not
shown The conlnfuge k uSually completdy full of solution.
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F~ ~ T?Mspallalion prOdUCldistribution fOfa bXf largot bomb-fded by 600
IA9V pro!ons T?Mfigure shows tho number of atoms of a padlcahr .Iomont pcr
pwton as a fundon of the ntomic number, Thi$ h tho initial Z dlstributbnt Tho

dlslnbution WN ba changed somewhat by b.la decay and by neutron ~pwr.,
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